Abstract In order to explore the eVect of gaze orientation on whole-body rotation perception, ten healthy participants were rotated in the dark while Wxating on a visual target located either straight ahead or 15° to the right. A vestibularmemory contingent saccade paradigm was used to estimate the rotation perception. The results attest to the participants' ability to accurately perceive their rotation, based solely on the intrinsic inputs (somesthetic and mainly vestibular), since the correlation between the imposed body rotation and the saccade amplitude was signiWcant and positive. However, the rotation perception was less accurate and of lesser magnitude when the gaze was deviated in the opposite direction to the rotation than when it was either straight ahead or deviated in the direction of the rotation. This can be interpreted as the perceptual equivalent of Alexander's law.
Introduction
Self-orientation and localisation in space is ensured through multimodal integration of sensory and motor signals such as visual, somesthetic and vestibular information as well as eVerence copies, depending on the context. When body motion occurs in darkness, the vestibular apparatus is of primary importance since it detects angular and linear acceleration of the head through semicircular canals and otoliths, respectively; the head displacement is then retrieved by the brain through time integration of these signals. Several experimental procedures have been used to estimate the implication of the vestibular system in passive whole-body movement perception. In these studies, participants were passively rotated in darkness and were then asked to estimate the amplitude of their displacement. The estimation was assessed either verbally (Brown 1966; Blouin et al. 1995b; Jurgens et al. 1999) or through the reproduction of the perceived movement with either selfcontrol re-orienting movement in response to rotation (Metcalfe and Gresty 1992; Siegler et al. 2000; Israel et al. 2006) , manual pointing or remote control tasks (Blouin et al. 1995a; Mergner et al. 2001) or the so-called vestibular-memory contingent saccade task (Bloomberg et al. 1988 (Bloomberg et al. , 1991 Israel et al. 1993; Blouin et al. 1997; Mergner et al. 1998) . Results showed that passive body rotation in darkness seems to be well reproduced through ocular saccades. DiVerent studies (Bloomberg et al. 1988 (Bloomberg et al. , 1991 Israel et al. 1993; Blouin et al. 1997 ) showed a high correlation between the amplitude of the vestibular-memory contingent saccade and the amplitude of the rotation. In these studies, participants Wrst Wxated a centrally placed earth-Wxed target and were then submitted to whole-body rotation in darkness while maintaining ocular Wxation on a head-Wxed target (to suppress the Vestibulo-ocular reXex). Upon completion of rotation, participants then had to execute an ocular saccade toward the estimated initial location of the earth-Wxed target. It is known, however, that the central treatment of the vestibular input can be aVected by the position of the eyes in the orbit. In fact, a phenomenon known as the Alexander's law (see Robinson et al. 1984; EvanoV and Lackner 1986) states that the nystagmus is more intense when the gaze is oriented in the quick-phase direction (i.e. same direction as the rotation) than in the slow-phase direction (i.e. opposite direction to the rotation). Since the eye position relative to rotation direction aVects central vestibular processing, one can reasonably question the eVect of this parameter on the perception derived from peripheral vestibular input. Yet, in studies using the vestibular-memory contingent saccade procedure (Bloomberg et al. 1988 (Bloomberg et al. , 1991 Blouin et al. 1997; Mergner et al. 1998) , the gaze was always directed straight ahead during the rotation and therefore the eVect of eye position relative to rotation direction on the perception of this rotation could not be investigated. The aim of our study was to address this question, by applying whole-body rotations to normal participants and studying the eVect of initial eye position (either straight ahead or 15° to the right) on vestibularmemory contingent saccade performance.
Materials and methods

Participants
Ten young adults (mean age 21.1 § 1.4 years; 3 women and 7 men) took part in this study. They had normal or corrected to normal vision and did not present any vestibular pathology, as assessed through an otological physical examination. Local ethics committee approval and a written informed consent from the participants were obtained. The study was conducted according to guidelines set by the Helsinki Declaration for the treatment of experimental participants.
Apparatus and material
Participants sat in the darkness on a computer-controlled motorized rotatory chair with their head upright and restrained with a bite-bar so that the chair rotation would induce an associated head and body rotation. Two light emitting diodes (LEDs) were Wxed onto the chair (chairWxed targets) at a distance of 1 m in front of the participants: one was positioned straight ahead and the other 15°t o the right. Given that the LEDs were Wxed onto the rotating chair, they were stationary relative to the participants.
Horizontal eye movements (bitemporal derivation) and vertical eye movements of one eye were measured by AC electro-oculography (EOG). All testing was performed with the participant's eyes open in darkness. A full calibration sequence (steps of 5° from 0° to 25° in each four directions) was applied at the start, in the middle and at the end of each experimental session. Furthermore, a horizontal eye movement calibration sequence (+15°/¡15°) was applied systematically after each trial. This second calibration sequence was carried out to make sure that the former one remained valid throughout the experimental session. Since this was indeed the case, the full calibration sequence was used to calibrate the data. Chair position, horizontal and vertical EOG, and LED signals were sampled on-line at 100 Hz (Gould ampliWcator, 0.05-Hz highpass cutoV frequency) and recorded on the same PC that controlled chair rotation (software Asamo developed in our lab).
Task and procedure
Participants were subjected to rotations randomly ranging from 3 to 30° to the left or to the right, meaning that the same stimulation was never presented twice. After an acceleration of 10°s ¡2 for up to 1 s, subjects were rotated at a constant velocity of 10°s ¡1 for a maximum of 2 s, then decelerated at ¡10°s ¡2 . For amplitude less than 10°, there was no constant velocity phase and acceleration and deceleration phases were shorter. Participants performed 20-23 trials in each Wxation condition (chair-Wxed target straight ahead or 15° to the right). One second before the beginning of the rotation, one of the two chair-Wxed targets was illuminated. Participants were instructed to Wx their gaze on the chair-Wxed target until it was extinguished at the end of the rotation. The participant's task was then to direct their gaze towards the estimated initial spatial location of the Wxation point as accurately as possible. The participants were allowed to make several successive saccades to improve their accuracy; however, they mostly performed only one saccade. After a delay of 1,500 ms, the LED, in its actual position after the rotation, was lit again and the participants had to foveate it. This foveation was always performed in one saccade of equal amplitude of the cumulative saccade size but in the opposite direction. We chose to analyze the amplitude of this saccade due to the fact that it was more precise and simpler to quantify.
Data analysis
The data were submitted to diVerent analyses (linear regression, correlation and ANOVAs) depending on the question of interest. For the ANOVAs, Greenhouse-Geisser correction was applied when the epsilon value was smaller than 1 (Greenhouse and Geisser 1959) ; see also (Winer 1971) . Because the correction did not modify the outcome of these analyses, we reported the data using the original degrees of freedom. All signiWcant main eVects and interactions were further delineated using the Newman-Keuls technique. Statistical tests were performed using Statistica Software ® (Statsoft, Tulsa, USA). Threshold of statistical signiWcance was set to 0.05.
Results
Linear regression and correlation
Simple linear regression and correlation between the saccade amplitude and initial head movement were used to evaluate the participant's accuracy in judging the magnitude of the vestibular stimulation (i.e. head movement). This was calculated for all participants, for each Wxation point (central/15° to the right) and for each rotation direction (left/right) ( Fig. 1) . For each condition, a straight line Wtted to all the data. The slopes of the relations were 0.80 and 0.53 for the central Wxation point, and 0.36 and 0.71 for the 15° Wxation point (left and right rotation, respectively). In each condition, the correlations were both positive and signiWcant (P < 0.001): r = 0.53 (n = 109) and r = 0.51 (n = 118) for the central Wxation point, and r = 0.38 (n = 106) and r = 0.51 (n = 119) for the 15° Wxation point (left and right rotation, respectively).
We furthermore calculated the individual linear regression parameters between the saccade amplitude and rotation amplitude (see Table 1 ). The regression slopes for each condition were submitted to a two Wxation point position (central/15° to the right) £ two rotation directions (left/ right) ANOVA, with repeated measurements on both factors to evaluate the eVect of eye position on head rotation perception. The ANOVA revealed a signiWcant main eVect of rotation direction, F(1, 9) = 6.83 as well as a signiWcant Wxation point position £ rotation direction interaction, F(1, 9) = 5.31. It revealed a signiWcantly lower slope when the rotation occurred in the opposite direction to the Wxation point (i.e. to the left) when the latter was not centered, whereas there was no diVerence based on rotation direction when the Wxation point was centered.
Rotation perception error
In order to quantify the accuracy of the perceived chair (head) rotation and its reproduction, we calculated the diVerence (in degrees) between the saccade amplitude and the chair rotation amplitude, hereafter referred to as rotation perception error. A positive value therefore represents an overestimation of the head rotation and a negative value represents an underestimation.
DiVerences in the oculo-motor task between left and right rotations when the Wxation point was not centered (15° to the right) could aVect perception error. Indeed, for the left rotation, participants were forced to produce a further Furthermore, in this last condition, saccades bigger than 15° crossed the midline while the others did not. In order to take into account possible eVects of oculo-motor task on perception error, we identiWed three types of rotation: (1) around 15° (from 13 to 17°), (2) under 13° and (3) over 17°, then submitted the rotation perception error to a two rotation direction £ three type of rotation ANOVA, with repeated measurements on both factors. The ANOVA revealed a main eVect of type of rotation, F(2, 18) = 27.12. Its breakdown showed an overestimation for the smallest rotations (+2.76° mean error for rotations inferior to 13°) and an underestimation for the largest rotations (¡4.62°m ean error for rotations superior to 17°), while errors were minimal (¡0,54° mean error) for rotations between 13 and 17°. The ANOVA also revealed a signiWcant rotation direction £ type of rotation interaction, F(2, 18) = 3.86 illustrated in Fig. 2 . Its breakdown revealed a signiWcant diVerence between leftward and rightward rotations, though only for rotations of 13-17°. In these cases, leftward rotations were overestimated, whereas rightward rotations were underestimated (mean errors of +1.10° and ¡2.19°, respectively).
Discussion
The main goal of this study was to determine the eVect of eye position on the vestibularly derived perception of passive body rotations. Our results indicate that, in line with previous studies (Bloomberg et al. 1988 (Bloomberg et al. , 1991 Israel et al. 1993; Mergner et al. 1998) , participants can perform appropriate ocular saccade in the dark after a step change of head position. Since no visual and auditory information was available, and the head remained Wxed on the body, these saccades therefore represent the vestibularly derived perception of the body displacement. We also noted that saccades were less representative of body displacement when the eyes were deviated in the opposite direction to the rotation, suggesting a less accurate and decreased perception of the rotation in this condition. The experimental procedure used in this study was based on the vestibular-memory contingent saccade paradigm in which participants must reproduce the perceived body rotation through an ocular saccade. Our results show a signiWcant positive correlation between the imposed body rotation and the saccade amplitude, indicating an accurate perception of the rotation through vestibular inputs, which is in line with previous Wndings (Bloomberg et al. 1988 (Bloomberg et al. , 1991 Israel et al. 1993; Blouin et al. 1995a Blouin et al. , 1997 . The slope of the relationship between rotation amplitude and saccade amplitude is, however, lower in our study (0.67) than in the Wrst studies using this experimental paradigm [0.84 and 0.82, respectively in (Bloomberg et al. 1988 (Bloomberg et al. , 1991 ]. Three combined methodological factors can explain these variations: (1) absence of any type of visual feedback, (2) absence of repetition of the stimulation, and (3) presence of a constant velocity plateau during the largest stimulations.
(1) In Bloomberg's studies, participants could use extrinsic visual information concerning their position in the room between each rotation since the lights were turned on between the trials. On the contrary, in our study, participants evaluated their displacement through intrinsic vestibular input only as they remained in the dark during the whole experiment (i.e. the rotation, the subsequent saccade and the time before the next trial). This could partially explain our lower slopes. In fact, Blouin et al. (1997) and Israel et al. (1993) obtained lower regression slopes (0.79) using the same type of stimulation as Bloomberg's (5 repetitions of 6 amplitudes), but without any type of visual feedback available. Thus, in Bloomberg's studies, the visual information seems to be used in subsequent trials either as a type of knowledge of results or as a way to calibrate the vestibular system. Accordingly, it has been shown that in the presence of visual feedback, error performed during a vestibular-memory contingent saccade paradigm decreased in less than four trials (Israel et al. 1999) . (2) Also, contrary to all the previously cited studies (Bloomberg et al. 1988 (Bloomberg et al. , 1991 Israel et al. 1993; Blouin et al. 1997 ) that used step changes of no more than six angular amplitudes randomly presented several times, we used rotations randomly ranging from 3 to 30° meaning that participants were never submitted twice to the same displacement amplitude. Thus, no estimate could be deduced from the past trials that could explain our lower regression slopes compared to Blouin et al. (1997) and Israel et al. (1993) . (3) Finally, in the stimulation we used, velocity could remain constant for up to 2 s during the largest rotation (30°). Thus, owing to the fact that the central time-constant of the peripheral system in human has been estimated at 17.5 s (Honrubia et al. 1982) , the central vestibular activity could have been decreased by a maximum of 12% at the end of the 2-s velocity plateau. That could partly account for the observed underestimation and variability.
To conclude, our results show that, in absence of any type of extrinsic information, one can appropriately evaluate completely random body displacement through mainly vestibular inputs. Furthermore, it seems that any additional extrinsic information about the displacement, even indirect such as visual information of spatial position as it was the case in Bloomberg's studies, can enhance the precision of the whole-body rotation perception.
Even though vestibular signal is likely to play a major role in the perception of the rotation, one could argue that the estimation of rotation duration might also have been used to evaluate body displacement. The reason being that in our study as well as in others (Bloomberg et al. 1988 (Bloomberg et al. , 1991 , rotation amplitude was controlled through rotation duration. However, in addition to the fact that a recent study showed that rotation duration is poorly reproduced after passive self-rotation (Israel et al. 2006) , the proWle of stimulation we used did not allow participants to rely on duration estimation to accurately evaluate body displacement. This is due to the fact that amplitude was not proportional to time (amplitude = 2.5 £ t 2 for rotations smaller than 10° and amplitude = 10 £ (t ¡ 1) for rotations greater than 10°), nor to velocity. Therefore, it would have been very diYcult for participants to estimate the amplitude of body rotation from duration or velocity. Whereas in studies using a bell-shaped velocity proWle of constant duration (Israel et al. 1993; Blouin et al. 1997) , there is a linear relationship between the maximum velocity and the amplitude of rotation which can be used by the participant to estimate body displacement.
Thus, the signiWcant correlation we obtained between imposed body rotation and saccade amplitude cannot be explained by duration reproduction, but can only result from rotation perception based on vestibular input. Taken together, these results indicate that one can correctly evaluate body displacement in total darkness through intrinsic inputs only (mainly vestibular).
EVect of eye position on body rotation perception During a passive body rotation, the eye position within the orbit appears to play a role in rotation perception. Whilst the perception was equivalent when the eyes were straight ahead or deviated in rotation direction, this perception seemed less accurate and of lesser magnitude when the eyes were deviated in the direction opposite to the rotation. In fact, in this latter condition, we observed both signiWcantly lower regression slopes and lower correlation coeYcient in the relationship between imposed body rotation and saccade amplitude (see Fig. 1 ). Nonetheless, the correlation remained positive and signiWcant, suggesting that the rotation of the body is still perceived, but in a less eVective way. It is well known that the vestibulo-occular response is aVected by the position of the eyes within the orbit with a reduced response when the eyes are orientated in the opposite direction to the rotation as stated by Alexander's law (Robinson et al. 1984; EvanoV and Lackner 1986) . However, the consequences of this phenomenon on perception remained unexplored. Our results show that perception is aVected in a similar way to the neurophysiological signal, which leads us to consider this phenomenon as an extension of Alexander's law to the perceptive side. This would stipulate that the perception of head displacement is reduced when the eyes are deviated in the opposite direction to the rotation. This Wnding is coherent with observations reported by EvanoV and Lackner (EvanoV and Lackner 1986) where participants experienced diYculty in voluntarily maintaining ocular deviation in the opposite direction to body rotation. Furthermore, the fact that eye position within the orbit aVects the vestibulo-ocular reXex as well as the perception of body rotation, allows us to postulate on neurological substrate that are responsible for this eVect. One can hypothesize that the signal carrying information on eye position, originating from eye proprioception or from corollary discharge, alters the peripheral vestibular signal integration before oculomotor and cortical pathway dissociation.
There is however, an alternative and/or complementary hypothesis which could account for our results. It concerns diVerences in the oculo-motor task when the eyes are deviated either in the opposite direction to body rotation or in the same direction. In the former condition, a further excentration of the gaze had to be produced, while in the latter condition it was a re-centration. These re-centration saccades could be expected to be more precise, especially when they ended along a participant's midline, which has been proposed to act as an anchor of the egocentric frame of reference (Jeannerod 1988; Jeannerod and Biguer 1989; Chokron and Bartolomeo 2000; Lhuisset and Proteau 2004) . We tested this hypothesis by comparing saccades for diVerent body rotation amplitudes in both rotation directions to evaluate the eVect of a person's midline attraction on the saccade production. More precisely, we distinguished between saccades inferior and superior to 15°. When the eyes were deviated in the direction of the rotation, saccades inferior to 15° remained in the right hemispace while saccades superior to 15° had to cross a person's midline. If a person's midline plays as an attractor on the saccade production, the former saccades should be hypermetric, the latter ones hypometric and the 15° saccades, ending along a person's midline, the most precise. We indeed obtained hypermetric saccades for rotations inferior to 15° and hypometric saccades for rotations superior to 15°w hen the eyes were deviated in the direction of the rotation. This could have suggested that a person's midline plays a role as an egocentric reference in the saccade production. However, a similar pattern of results was also present when the eyes were deviated in the opposite direction to the rotation. Furthermore, saccades following a 15° rotation were no more accurate for the former eye positioning than for the latter. It seems therefore that regardless of the direction of eye deviation, smaller rotations are overestimated when larger rotations are underestimated as it has been previously reported by Bloomberg et al. (Bloomberg et al. 1988 , 1991 . This phenomenon can be related to a general psychophysical outcome known as the range eVect (Slack 1953) and inducing an estimate biased toward the middle range of all the stimulations.
Conclusion
In conclusion, we have demonstrated an eVect of eye position within the orbit on body rotation perception based solely on intrinsic inputs (i.e. vestibular and somesthetic information). This eVect indicates a poorer and decreased perception when the eyes are deviated in the opposite direction to the rotation. This can be related to a physiological phenomenon known as Alexander's law stipulating less intense nystagmus when the gaze is oriented in the opposite direction to the rotation and one can consider the eVect we observed as an extension of Alexander's law to perceptive aspects.
